We report reactive dynamics (RD) studies on: the decomposition of bulk hydrazine (N 2 H 4 ); the decomposition of bulk monomethyl-hydrazine (CH 3 N 2 H 3 ), hereafter referred to simply as methyl-hydrazine; the decomposition of hydrazine in the presence of hydrogen peroxide (H 2 O 2 ); and decomposition hydrazine on catalytic surfaces Pt[100] and Pt[111] under various conditions. These studies use the ReaxFF reactive force field to describe the multitude of chemical reactions in these systems for a variety of reaction conditions in order to show that this approach leads to realistic decomposition mechanisms and rates. In particular, we determined how the decomposition of hydrazine is affected by temperature, pressure, and heating rate. We analyzed chemical reaction mechanism of the decomposition of hydrazine at the studied conditions and found that at lower temperatures the initial product from hydrazine decomposition is NH 3 , whereas at higher temperatures H 2 and N 2 are the dominant early products. Prominent intermediates observed during these decompositions include N 2 H 3 , N 2 H 2, and NH 2 , in agreement with quantum mechanical studies (7.3 ps at 3000 K). As the heating rate is decreased, the onset for hydrazine decomposition shifts to lower temperatures. Using a constant heating rate, we found that higher pressure (increased density) favors formation of NH 3 over N 2 and H 2 . In studies of the catalytic decomposition of hydrazine on surfaces Pt[100] and Pt[111], we found that the presence of a Pt-catalyst reduces the initial decomposition temperature of hydrazine by about 50%. We found that the Pt[100]-surface is 20 times more active for hydrazine decomposition than the Pt[111]-surface, in qualitative agreement with experiments. These studies indicate how ReaxFF RD can be useful in understanding the chemical processes involved in bulk and catalytic decomposition and in oxidation of reactive species under various reaction conditions.
Introduction
Chemical processes play an essential role in many areas of technology, but often the systems are too complex to extract from experiments a fundamental understanding of the atomistic mechanism underlying the chemical processes. For example, in the design of rocket engines and satellite thrusters it is important to know the detailed chemical reaction mechanisms occurring at the reaction fronts of such energetic materials as hydrazines at the high densities and temperatures involved in combustion or detonation conditions. [1] [2] [3] [4] Numerous chemical reaction steps have been proposed, but it has been very difficult to extract from experiments the details necessary to determine which steps actually occur and their relative importance. Progress has been made by using quantum mechanics (QM) to examine the energetic barriers for particular reaction steps, but it is generally not possible to apply such QM to the systems with many thousands of atoms exposed to a variety of temperature and pressure transients for sufficient times to characterize the dynamic processes in combustion or detonation.
Hydrazine is an important ingredient in many propellants, producing a large amount of heat when burned, having mainly N 2 and H 2 O as final products. It can also be used without an oxidant, in which case it decomposes into NH 3 , N 2, and H 2 . The energy output of oxidant-free hydrazine decomposition is about six times lower than that of hydrazine oxidation. Oxygenfree hydrazine decomposition can be initiated using such catalyst surfaces as Pt. [1] [2] [3] The general set of reactions involved in the decomposition of hydrazine has been discussed in ref 1. Diesen 5 used mass spectroscopy to study the kinetics behind the shock wave of hydrazine diluted in argon over a temperature range of 1200-2500°C and determined the overall rate constant within this temperature range. Konnov and De Ruyck 6 developed a detailed N/H reaction mechanism, consisting of 51 reactions for 11 species. This mechanism was validated by comparing kinetic modeling results with measurements of hydrazine pyrolysis in shock waves and in hydrazine decomposition flames at low and atmospheric pressures. The overall calculated rate of decomposition by this mechanism agrees well with experiments for pure hydrazine and its mixtures with argon, nitrogen, water, and ammonia. Other kinetic mechanisms were reported in refs 7-10.
The catalytic decomposition of hydrazine on metal surfaces (Pt, Ni, Cd, and Ir/Al 2 O 3 ) and supported metal particles (Ir/ Al 2 O 3 ) has been investigated experimentally for years, [1] [2] [3] [11] [12] [13] [14] [15] [16] [17] [18] [19] and simplified reactions mechanisms have been proposed for various surfaces.
We propose here an alternative approach to studying the combustion and reaction properties in complex dynamic systems with reactive dynamics (RD) simulations using the ReaxFF reactive force field and demonstrate its application.
To evaluate how well ReaxFF can describe the hightemperature behavior of hydrazine, we performed RD simulations of bulk hydrazine (N 2 H 4 ) and bulk methyl-hydrazine (CH 3 N 2 H 3 ) under various temperature and pressure conditions. We also simulated the reactions of hydrazine in the presence of hydrogen peroxide (H 2 O 2 ) and on catalytic surfaces Pt[100] and Pt [111] . These simulations provide detailed atomistic-scale information on the chemical events occurring under various thermal and pressure conditions. We also studied how the decomposition of hydrazine depends on temperature, density/ pressure, and heating rate.
We find that the results from ReaxFF simulations are in reasonable agreement with the results available from previous experimental and theoretical studies. This suggests that such RD simulations might be useful to improve the performance of hydrazine-based jet and rocket fuels, where an understanding of chemical events related to hydrazine decomposition is required.
The ReaxFF Reactive Force Field
2.1. Overview of ReaxFF. The ReaxFF reactive force field was developed to reproduce QM energies for a large variety of reaction pathways involving reaction intermediates and transition-state structures. [20] [21] [22] [23] [24] [25] [26] The parameters in ReaxFF are adjusted to reproduce the energetics and reactive surfaces found with QM for a number of prototypical calculations and then used for system sizes, temperature, pressures, and reaction times far too large for QM; ReaxFF has been practical to apply to the study of the high-temperature dynamics of chemically reactive systems, providing an atomistic-scale description of the decomposition of high-energy material. 20, 21, 26 2.2. Definition of ReaxFF. ReaxFF allows the valence interactions (bonds, angles, torsions) and charges to change continuously as bonds form and break in reactions. The instantaneous bond orders are determined from the bond distances that in turn determine the forces. ReaxFF includes the concept of valence so that there are forces that encourage the instantaneous bond orders to be consistent with the valence. These bond orders are updated at every RD iteration, allowing ReaxFF to recognize the formation of new bonds and the dissociation of existing bonds. In addition, there is a general algorithm for specifying the instantaneous charges on each atom so that they can redistribute as the molecules react. The electrostatic and van der Waals (vdW) nonbond energies act between all pairs of atoms (even bonded ones) so that there are no discontinuous changes as bonds are formed and broken.
The energy function for ReaxFF has the form:
where bond-order dependent terms include bond energies, valence angle, lone pair, conjugation, and torsion angle to describe the valence forces arising from molecular orbitals, and the nonbond terms (independent of bond-order) handle vdW and Coulomb interactions. ReaxFF can describe organic, inorganic, and metallic materials and interfaces between them, with parameters that can be fitted to one system and applied to another (transferable). The major goal in the development of the ReaxFF was to obtain a transferable force field that can describe the energy surfaces and coordination changes associated with reactions while simultaneous describing ground state structures correctly. Indeed ReaxFF has been successfully applied the ReaxFF to many systems. [20] [21] [22] [23] [24] [25] [26] [27] The ReaxFF parameters used herein were parametrized previously against a training set of QM-derived data that combined the properties of numerous H/C/N/O-containing compounds (bond dissociation, geometry distortion, IR-spectra, condensed phase properties) with a wide range of reactions for nitramine- 20, 21 and peroxide-based 27 high-energy materials. In particular, ref 20 validated the ReaxFF for describing N/H processes. This includes cases involving N-N single, double, and triple bond dissociation and involving H-N-H, H-N-N, and N-N-N angle strain relations as along with H-H bond dissociation. These validations provide support for the reaction mechanism described in this paper.
For the simulations on hydrazine/Pt we combined ReaxFF parameters with a recently developed ReaxFF description for H/C/O/N interactions with Pt, which had been tested against Pt-bulk and surface properties and binding energies for H/C/ O/N-containing compounds to Pt-atoms and Pt-surfaces.
Except for the H 2 N-NH 2 and HNdNH bond dissociation profile (which had already been part of the basic H/C/N/O QMtraining set), no hydrazine-specific data was included in the ReaxFF parametrization. Thus, these results indicate the transferability of the ReaxFF. For more details about ReaxFF, see ) heated to 1500, 2000, 3000, 4000, and 5000 K at a heating rate of 100 K/ps; (a) system temperature, (b) total fragments, and (c) potential energy change.
Thermal Decomposition of Hydrazinesvan Duin et al. 22, 23 For completeness, all ReaxFF parameters used in these simulations are included in the Supporting Information.
Simulation Details
The systems studied in this work are hydrazine (H 2 N-NH 2 ) in the bulk phase, in the presence of hydrogen peroxide (H 2 O 2 ) and in contact with Pt surfaces, plus methyl-hydrazine [CH 3 (HN)-NH 2 ] in the bulk phase.
For bulk phase hydrazine, we carried out a number of independent simulations for 18, 24, 33, or 40 molecules per periodic cell. These were placed in a cubic simulation box, 12.00 Å on a side, leading to four initial hydrazine systems with densities of 0.554, 0.739, 1.016, and 1.232 g/cm 3 . These bulk densities are near the experimental liquid density of 1.01 g/cm 3 at room temperature.
For bulk methyl-hydrazine we placed 20 molecules in a cubic simulation box 12.05 Å on a side box, resulting in a density 0.874 g/cm 3 , close to the experimental density of 0.88 g/cm 3 . For the system of hydrazine in the presence of hydrogen peroxide, we placed a mixture of 18 N 2 H 4 molecules with 9 H 2 O 2 molecules in a cubic simulation box of side 12.00 Å.
For the hydrazine on Pt surfaces, we placed 36 hydrazine molecules in a periodic box containing a two-dimensional periodic slab exposing Pt[100] or Pt[111] surfaces, with a box size that leads to a hydrazine density of 0.554 g/cm 3 . The dimensions of the simulation box were (21.11 Å × 11.77 Å × 11.77 Å) for hydrazine on Pt All systems were minimized and equilibrated for 4.0 ps at specified temperatures (1000 K in most cases) using ReaxFF RD simulations (NVT) with the Berendsen-thermostat (damping constant ) 50 fs) to control the temperature. The 1000 K-equilibrated systems were then used to perform NVT or NVE RD simulations for 50-80 ps.
In all simulations, the RD time step was set to 0.10 fs and the bond order cutoff for molecule recognition was set at 0.3. This bond-order cutoff is used only for analysis purposes and does not affect the ReaxFF energy or force calculation.
During the cook-off simulations, the system temperature, potential energy, the number of fragments and molecule trajectory were recorded every 0.25 fs. Species analysis for each system was done based on the trajectory.
Results and Discussions
4.1. Temperature Effects. 4.1.1. Potential Energy and Total Fragments. We first performed RD simulations on the system of bulk hydrazine with a density of 0.554 g/cm 3 . The system was started at 1000 K, heated to 1500, 2000, 3000, 4000, and 5000 at a rate of 100 K/ps, and then kept constant at these temperatures. The total simulation lasted 50 ps. Figures 1a-c give the system temperature, total number of fragments and potential energy change during such thermal conditions, respectively. Figure 1 , with density ) 0.554 g/cm 3 ) heated to 1500, 3000, and 5000 K at a heating rate of 100 K/ps.
At 1500 K, we found that hydrazine molecule just begins to decompose at 50 ps, whereas they start to decompose at 7.3 ps for other cases (2000, 3000, 4000, and 5000 K). The total number of fragments formed in the whole cookoff process increases with temperature (Figure 1b) . At 50 ps, the average number of fragments generated for each initial hydrazine molecule is 1.61 (2000 K), 1.83 (3000 K), 2.28 (4000 K), and 2.78 (5000 K), indicating the increased decomposition of hydrazine with temperature. The rate of hydrazine loss with temperature is plotted in Figure 3 , where we see an effective activation temperature of around 1550 K (see below). The corresponding potential energies, as plotted in Figure 1c , for these systems heated to 1500, 2000, 3000, 4000, and 5000 K show that hydrazine molecules gain energy from the heating (before 10 ps) and start to decompose. With the decomposition of hydrazine molecules, the potential energy basically decreases.
Snapshots at t ) 0, 20, and 50 ps from these simulations are shown in Figure 2 . This shows that many hydrazine molecules remain intact at 1500 K, and all hydrazine molecules decompose by 50 ps for temperatures 3000 and 5000 K with formation of many NH 3 , N 2 , and H 2 species. Figure 3 shows the species analysis of hydrazine heated to temperatures ranging from 2000 to 5000 K (no species analysis was done at 1500 K since almost no N 2 H 4 molecules decomposed). We found that N 2 H 4 molecules start to decompose at ∼7.3 ps (T ≈ 1550 K), at which point the hydrazine molecules dissociate very quickly, resulting in NH 3 products and NH 2 , N 2 H 3 , and N 2 H 2 intermediates. The products N 2 and H 2 start forming at ∼10.8 ps and continue increasing until reactions in the system reach equilibrium. At temperatures of 2000 and 3000 K, the concentration of N 2 and H 2 becomes stable after 13.5 and 24.0 ps, respectively, while it continues to increase after 50 ps RD simulations at 4000 and 5000 K.
Species Analysis.
All the fragments observed in our simulations (NH 2 , N 2 H 3 , N 2 H 2 , NH3, N 2 , and H 2 ) have been observed experimentally in the steady-state chain reaction mechanism, 5 indicating that ReaxFF leads to a plausible description of hydrazine thermal decomposition.
Our results show that the primary reaction product of hydrazine decomposition is NH 3 , which at elevated temperatures is converted into the entropically more favorable H 2 and N 2 .
4.1.3. Reaction Mechanism. To accurately model the decomposition of hydrazine, either the decomposition mechanisms or the kinetics of the reactions that are involved are required. But only a few initial decomposition reaction rates and a few rate constants for hydrazine reacting with atoms and radicals have been measured. [5] [6] [7] [8] [9] In this study we simulated the decomposition of hydrazine molecules under various conditions and demonstrate the effect of various factors (temperature, pressure, etc.) on the decomposition reaction. In the meantime, we analyzed the decomposition mechanism by tracking the trajectories of species in the systems involved in the decomposition. We first analyzed the reaction mechanism for the decomposition of hydrazine at a typical decomposition temperature of 3000 K (NVT). We found that N 2 and H 2 form with N and H elements from either the same hydrazine or different hydrazine molecules. As the temperature increases, the decomposition leads to various molecules.
During the early stages most of the formation of NH 3 , is from the same hydrazine molecule, that is, N 2 H 4 f N 2 H 3 + H and N 2 H 3 f NH 3 + H 2 . This result is similar to the results in the literature. 5, 10 As the decomposition temperature is increased, the newly formed NH 3 molecules react with other molecules or intermediates to form N 2 , H 2 , and additional NH 3 . Here the collisions at high temperature result in decomposition of products to form new species (secondary chemical reactions) during the decomposition). We observed the hydrogen abstraction reaction N 2 H 4 + H f N 2 H 3 + H 2 during the decomposition of hydrazine molecules under these conditions, as previously mentioned by Li et al. 10 A similar trend on the decomposition mechanism is observed in the cases of hydrazine systems heated at different rates. At a high heating rate, hydrazine molecules are accelerated to high speed and have more collisions, similar to the case with high decomposition temperature.
Density/Pressure Effects. 4.2.1. Potential Energy and Total Fragments.
We also studied the effect of density/pressure on the decomposition of bulk hydrazine. Figures 4a-b give the total fragments and the potential energy changes for the systems with the densities 0.554, 0.739, 1.016, and 1.232 g/cm 3 . These systems were heated from 1000 to 3000 K at a rate of 100 K/ps, and then the temperature was kept at constant at 3000 K. Figure  4a shows that increasing density leads to an earlier initiation of decomposition (7.3 ps at 0.554 g/cm 3 vs 5.0 ps at 1.016 g/cm 3 ), but the effect of density on hydrazine decomposition is much less than that of temperature. Potential energies for these systems increase with temperatre at constant volume (see Figure 4b ) until ∼10 ps, where it starts decreasing due to the decomposition.
Species Analysis.
Figures 5a-f show the number of N 2 H 4 , NH 3 , N 2 , H 2 , N 2 H 2 , and N 2 H 3 fragments observed at various densities. At all densities, the hydrazine molecules decompose very quickly, leading to final products N 2 , H 2 , and NH 3 along with intermediates NH 2 , N 2 H 3 , and N 2 H 2 . Figure 5a shows that the decomposition of hydrazine molecules starts slightly earlier at high density (1.232 g/cm 3 ) than at the other densities. We also found that NH 3 is more dominant at high density. This suggests that the secondary reactions leading to N 2 and H 2 formation are repressed at higher densities.
Heating Rate Effects.
To test the influence of heating rate on the decomposition of hydrazine, we performed RD simulations starting with hydrazine at a density of 0.554 g/cm 3 , but heating to 3000 K at various heating rates: 50, 100, and 200 K/ps followed by constant temperature RD at 3000 K. The system temperature, total fragments formed in the decomposi- tion, and the potential energy change are shown in Figures 6a-c . In all three cases hydrazine molecules decompose and new fragments are formed (Figure 6b ), but the time at which hydrazine starts to decompose varies. The maximum in potential energy, marking the point where the exothermic reactions begin to occur, is higher for the faster heating rates (Figure 6c ). Figure 7 shows the average number of species as a function of system temperature for the various heating rates. We observed that the decomposition starts earlier for lower heating rates than that for higher heating rates. The total fragments starts to increase at 1820 K for 50 K/ps, 2100 K for 100 K/ps, and 2350 K for 200 K/ps. The simulation results also show that the first hydrazine molecule starts to decompose at around 1350 K for 50 K/ps, 1500 K for 100 K/ps, and 1690 K for 200 K/ps. The temperature threshold at which the first products NH 3 , N 2 , and H 2 appear for the systems under different heating rates is shown in Figure 8. 4.4. Hydrazine on Catalyst Surfaces. We found that bulk hydrazine does not decompose at 1000 K on the time scales employed in our simulations. To test the role of catalytic decomposition reactions of hydrazine, we performed NVE RD simulations of hydrazine molecules in the presence of Pt surfaces after the system was preheated to 1000 K for 4.0 ps. The threshold temperature at which the first formation of H 2 , N 2 , and NH 3 molecules is observed in ReaxFF RD decomposition of bulk hydrazine at a density of 0.554 g/cm 3 and heated from 1000 to 3000 K at various heating rates. Figures 9a-b give the system temperature and the potential energy evolution during the NVE RD simulations staring at 1000 K. We see that the Pt[111] surface has little impact, with the system temperature remaining around 1000 K, while the exothermic reactions taking place on the Pt[100] surface leads to an increase to 1272 K within 50 ps. This decomposition of hydrazine on Pt[100] decreases the potential energy by 169 kcal/ mol, while it remains constant for hydrazine on Pt [111] . Figure 10 gives detailed information on the intermediates and products during the catalytic decomposition of hydrazine on Pt surfaces.
For the Pt[111] surface, we found that no hydrazine molecules decompose until t ) 25 ps. 19 These NVE RD simulations indicate that in the presence of the Pt[100] catalyst, the threshold temperature for hydrazine decomposition by 50 ps is reduced to below 1000 K. Indeed the decomposition of hydrazine on Pt[100] can initiate within 50 ps, even at 800 K. This decrease of the hydrazine decomposition temperature by the Pt catalyst agrees qualitatively with experimental results, 19, 20 which found that decomposition temperature increases when the catalyst Pt surface is covered by CO molecules.
4.5. Hydrazine/Peroxide Mixtures. We also performed three simulations in which hydrogen peroxide (H 2 O 2 ) molecules were mixed with hydrazine (with a N 2 H 4 /H 2 O 2 ratio of 2:1). Starting at 1000 K the mixture was heated at a rate of 100 K/ps until it reached a constant temperature of 1000, 2000, and 3000 K, after which it was kept constant.
A detailed species analysis for the three temperatures in Figure 11 shows that hydrazine decomposition in the presence of peroxide occurs readily at 1000 K. This decomposition results from hydroxide radicals derived from peroxide dissociation extracting H from the hydrazine to form water molecules. By 4 ps, the H 2 O 2 is gone with little further decomposition of the hydrazine molecules (the number of N 2 H 4 , H 2 O, N 2 , and H 2 remains constant).
For the system to be the heated to 2000 K, we observe a similarly early decomposition of hydrazine molecules facilitated by the presence of hydrogen peroxide. Within ∼4 ps, every OH radical from H 2 O 2 is consumed to form H 2 O. As a result, the hydrazine decomposition stops because at this temperature the rate of pure thermal decomposition of hydrazine molecules is too low. However, after heating the system further to 1550 K (t ) 7.8 ps), the remaining hydrazine molecules start to decompose quickly, leading to the end of the N 2 H 4 plateau in Figure 11 . The further, mainly thermal, decomposition generates substantially more N 2 and H 2 , as well as new species such as NH 3 and N 2 H 2 that are not observed in the 1000 K peroxide/ hydrazine mixture simulation.
For the case of heating to 3000 K, the decomposition process leads to a hydrazine plateau at early times (t < 7.8 ps) similar to that at 2000 K, but the decomposition occurs much faster. In addition, although more NH 3 molecules are produced right away after 7.8 ps at 3000 K in comparison with the 2000 K case, they start to decompose later.
4.6. Decomposition of Methyl-hydrazine. Methyl-hydrazine (denoted as CH 3 N 2 H 3 in Figures 12 and 13 ) is frequently used in propellant compositions because it is more stable than hydrazine and performs better at the freezing point (as in spacecraft propulsion applications). 1 It is usually mixed with hydrazine for better performance.
We carried out NVT RD simulations on methyl-hydrazine with a density of 0.874 g/cm 3 . Starting from 1000 K, the system was heated at a rate of 100 K/ps until temperatures of 2000, 3000, or 4000 K were attained, after which the temperature was kept constant. Figure 12 displays a detailed species analysis for these systems, which indicates that increasing the temperature leads to faster and more complete decomposition of methylhydrazine, with increased intermediates and products formed. Figure 13 compares the potential energy change for the systems of hydrazine, hydrazine/peroxide, and methyl-hydrazine under the same conditions (heated to 3000 K at 100 K/ps). It shows that the presence of the oxidizer (H 2 O 2 ) leads to a much more rapid decrease in the potential energy, indicating formation of more stable products, as shown in fragment analysis for these systems in Figures 3, 11 , and 12. For hydrazine and methylhydrazine systems under the same thermal conditions, the methyl-hydrazine requires more energy to decompose, in agreement with the suggestions by Kerr et al. 28 
Conclusions
We present reactive dynamics (RD) simulations using the ReaxFF reactive force field to examine the decomposition of bulk hydrazine (N 2 H 4 ), methyl-hydrazine (CH 3 N 2 H 3 ), hydrazine in the presence of hydrogen peroxide (H 2 O 2 ), and on catalytic surfaces Pt[100] and Pt[111] under various conditions of temperature, density/pressure, and heating rate. These results provide information on the mechanism and chemical events during the decomposition of these hydrazines. The intermediates observed in the RD agree with results from previous experimental and QM studies. This demonstrates the applicability of ReaxFF for describing complex chemical systems under hightemperature conditions. Thus, ReaxFF RD simulations may be useful for studying the performance of propellants such as hydrazines.
We observed that both the temperature and the heating rate strongly affect the decomposition of hydrazine. At lower temperatures hydrazine decomposition primarily results in formation of NH 3 , while at more elevated temperatures the secondary reaction products H 2 and N 2 begin to dominate. We identified various reaction intermediates (N 2 H 3 , N 2 H 2 and NH 2 ) from our ReaxFF simulations. We also found that an increase in density results in a suppression of H 2 and N 2 formation. A brief reaction mechanism was analyzed for the decomposition of hydrazine in the bulk and on Pt surface.
We found that the decomposition temperature of hydrazine decreases significantly in the presence of [100] and [111] Pt surfaces, with Pt[100] being more active. This indicates that ReaxFF can describe the Pt-catalyzed hydrazine decompositions. These results agree with experimental findings. These simulations suggest that ReaxFF is capable of describing the hightemperature chemistry of hydrazine and hydrazine-related compounds.
